Synopsis Previous to the 1980's, the prevailing neuroscience dogma held that no new neurons were produced in the brains of adult mammals. Now, we understand that the production of new neurons, or neurogenesis, is a common and plastic process in the adult brain. To date, however, researchers have not come to a unified understanding of the functional significance of neurogenesis. Several factors have been shown to modulate hippocampal neurogenesis including spatial learning, stress, and aspects of environmental change, but questions still remain. How do these modulating factors overlap? Which aspects of environmental change induce a stress response? Is there a relationship between hippocampal neurogenesis, the stress response, and environmental change? Can this relationship be altered when taking into consideration other factors such as perception and predictability of the environment? Finally, do results from neurobiological research on laboratory rodents translate to wild systems? This review attempts to address these questions and synthesize research from the fields of ecology, psychology, and behavioral neuroscience.
Introduction
Previous to the 1980s, the neuroscience community negated the possibility of plasticity in the adult mammalian brain, in particular the concept that new neurons could be generated and added to the existing neural network. Although Joseph Altman was the first to publish data verifying neurogenesis in adults in the 1960s (Altman 1962 (Altman , 1963 Das 1965a, 1965b) , because of the prevailing dogma, the scientific community essentially ignored this evidence. Thus, in subsequent years, little research was directed toward the study of neurogenesis in the adult brain. In the late 20th century, methods for visualizing proliferation of cells in the brain improved, leading to the (re)discovery and acceptance of neurogenesis in the brains of adults. Subsequently, there has been an explosion of research concerning the process of neurogenesis and its functional relevance in cognition and behavior.
Neurogenesis is a multi-step process in which new cells are produced, differentiate, migrate, and eventually become incorporated into the existing neural architecture. In mammals, the birth of new neurons is restricted to two areas of adults' brains, the subventricular zone (SVZ), located along the lateral ventricles, and the subgranular zone (SGZ) of the hippocampus. Neural stem cells form reservoirs in these areas and molecular signals induce cellular proliferation and differentiation from these reservoirs (reviewed by Namihira and Nakashima 2011) . Newly produced cells can differentiate into immature neurons that then migrate into the existing neural network. Neurons born in the SVZ migrate to the olfactory bulb via the rostral migratory stream, whereas neurons born in the SGZ are incorporated into the granule cell layer of the dentate gyrus (reviewed by Doetsch and Hen 2005) . New neurons are incorporated into the existing neural network and, within 12 weeks, possess characteristics of functional, mature neurons such as voltage-dependent currents, synaptic connections, and the ability to elicit longterm potentiation, suggesting that these new neurons do serve a function in the nervous system (van Praag et al. 2002 ; reviewed by Deng et al. 2011) .
Presently, the functional significance of neurogenesis in adults is equivocal, although several factors have been shown to modulate rates of hippocampal neurogenesis. Because the hippocampus is heavily involved with spatial memory and processing, many propose that new neurons support the process of spatial learning and may be involved in encoding new spatial memories. Neurogenesis has been shown to correlate with spatial learning and memory, in that an increased demand on spatial learning and memory induces an increase in proliferation and survival of new neurons (e.g., Dupret et al. 2007 ). Other factors have also been shown to modulate rates of neurogenesisexposure to an enriched environment and motor stimulation both up-regulate hippocampal neurogenesis (e.g., Kempermann et al. 1997; van Praag et al. 1999 ), whereas stressors have been shown to downregulate the process (e.g., Cameron and Gould 1994; Gould et al. 1997a Gould et al. , 1997b . Thus, we understand some of the primary modulating factors of the production of new neurons, but the field has not come to a unified understanding of if, or how, these factors are interrelated, or their relative contribution to rates of neurogenesis and cognitive ability. This review attempts to deconstruct interactions among environmental change, the stress response, cognition, and neurogenesis in an attempt to synthesize research from ecology, psychology, and neuroscience.
Stress and neurogenesis
When an animal encounters a stimulus and must respond, a physiological shift occurs that mobilizes energy toward executing a behavior. A specific example of this is the stress response, in which a stimulus activates the hypothalamic-pituitary-adrenal (HPA) axis, which culminates in the release of glucocorticoids (GCs) and, potentially, a behavioral response. Early definitions of stress were nebulous and used to describe the stimulus, typically aversive, that caused activation of the HPA, the physiological response, and the recovery of the HPA axis. Within the past 30 years, attempts have been made at clarifying and making more precise the terms associated with stress and the stress response (e.g., Levine and Ursin 1991; McEwen and Wingfield 2003; Romero et al. 2009; Koolhaas et al. 2011) . In this review, a stimulus that activates the HPA axis and results in the secretion of GC will be termed a challenge or stimulus, regardless of whether that stimulus is perceived by the animal as aversive or appetitive, and any resultant change in physiology and behavior will be considered the stress response. Finally, a stimulus or challenge will be termed a stressor when that stimulus is life-threatening and pushes an animal into homeostatic overload (see description of Reactive Scope Model below) (e.g., Levine and Ursin 1991; McEwen and Wingfield 2003; Romero et al. 2009; Koolhaas et al. 2011) .
Since the early 1900s, it has been known that an increase in a physiological mediator can increase cognitive performance to a certain point; after that point, performance declines (Yerkes and Dodson 1908) . This inverted-U curve has been robustly confirmed when examining the effects of circulating GCs on cognitive performance, in that intermediate levels of GCs are associated with higher levels of cognitive performance (reviewed by de Kloet et al. 1999 , Lupien et al. 2007 . Although learning and memory are mediated by several mechanisms, neurogenesis has been shown to be an important process that supports learning and memory. Thus, neurogenesis likely follows the same response as cognitive performance to increasing levels of GCs-an increase in GCs should correlate with increased neurogenesis until a certain point; thereafter any further increase in GCs should have detrimental effects on the production of new neurons.
While GCs are not the only mediator of neurogenesis, there is a strong relationship between levels of circulating GCs and modulation of neurogenesis. The first evidence documenting the relationship between the stress response and neurogenesis was published in the late 1990s. Gould et al. (1997a) found that psychosocial challenges can decrease hippocampal neurogenesis in the tree shrew, whereas the same research group found that exposure to a challenge could suppress production of hippocampal neurons in primates (Gould et al. 1997b ). Since then, research using various stress paradigms, as well as the application of exogenous GCs, have found that increased exposure to a challenge and GCs can depress neurogenesis and impair spatial memory abilities (reviewed in Schoenfeld and Gould 2012; Saaltink and Vreugdenhil 2014) . Further, developmental effects such as early nutritional deficits have been shown to down-regulate hippocampal attributes and impair spatial memory, the effects of which are apparent into adulthood (e.g., Bedi 1992; Pravosudov et al. 2005) . Thus, particular challenges, even at an early age, can negatively affect hippocampal attributes and memory in adulthood. However, some studies have found no effect, or even a positive effect, of challenges and GCs on neurogenesis. Some studies have found that several arousal paradigms can activate the HPA axis, with a concurrent increase in hippocampal neurogenesis. For example, challenges such as running, mating, and the act of learning all stimulate the HPA axis and increase the production of GCs, yet there is also an increase in hippocampal neurogenesis (reviewed by Schoenfeld and Gould 2012; Saaltink and Vreugdenhil 2014) . Taken together, the research indicates that neurogenesis can be either up-or down-regulated, contingent on stress protocols or circulating levels of GCs.
A useful model that may clarify some of these apparently discrepant results is the Reactive Scope Model (Romero et al. 2009 ) which is based on the concept of allostasis (McEwen and Wingfield 2003; Goymann and Wingfield 2004) . In its simplest form, the Reactive Scope Model assumes that there exists a range in which an individual can experience a challenge, in which the stimulus will not lead to physiological dysfunction; they termed this the normal reactive scope. If a stimulus remains within the normal reactive scope, the stimulus can even be positively correlated with various physiological mediators. This is evidenced by empirical research demonstrating a relationship between a challenge and immune function, whereby a stimulus may actually be beneficial to immune function (e.g., Dhabhar 2002 ). Thus, rates of neurogenesis may also be up-regulated in the face of a mild challenge, as long as that stimulus remains within the normal reactive scope. By doing so, mild challenges induce increased rates of neurogenesis and thus increase cognitive functioning. However, if a stimulus is of a magnitude or duration to surpass the normal reactive scope (now a stressor), that stressor pushes an individual into homeostatic overload. In this situation, the stressor diverts resources away from normal cognitive functioning and neurogenesis, causing dysregulation in the system. If a stressor induces homeostatic overload, neurogenesis, and subsequently learning and memory, also may be compromised. Considering the effects of a challenge and neurogenesis within the Reactive Scope Model, the effects of the challenge/GCs on neurogenesis can be modeled by an inverted-U curve, where low and high levels of a stimuli are reflected by low rates of neurogenesis, whereas intermediate levels of the stimulus is related to the highest rates of neurogenesis (e.g., de Kloet et al. 1998; Sapolsky et al. 2000; Saaltink and Vreugdenhil 2014) .
Evaluating the effects of a challenge on neurogenesis within the Reactive Scope Model allows the seemingly conflicting empirical evidence to be reconciled. Assessing the stress paradigm used in experimental research may allow for the determination of the impact of the challenge (i.e., whether the challenge is within an individual's normal reactive scope versus pushing an individual into homeostatic overload). Challenges such as mating, learning, and voluntary running are all likely within the normal reactive scope; thus these stimuli may actually facilitate neurogenesis and learning/memory. Conversely, challenges such as early nutritional stress, chronic restraint, chronic social defeat, and foot shock may be considered overload-stressors and push an individual into homeostatic overload. This will lead to a redirection of energy toward coping with the stressor, at the expense of non-essential cognitive functioning and neurogenesis.
Examining the effects of a challenge on neurogenesis in the context of the Reactive Scope Model appears to have mechanistic support as well. Glucocorticoid receptors are thought to be the primary mediator between circulating GCs and various processes dependent on GCs. Glucocorticoid receptors are found throughout the body but exhibit a high density in the brain, particularly in the hippocampus. Two types of glucocorticoid receptors are found on hippocampal neurons, mineralocorticoid receptors (MRs) and glucocorticoid receptors (GRs). Both types of receptors are co-expressed on many hippocampal neurons (Reul and de Kloet 1985) but each type of receptor is differentially activated by circulating levels of GCs. MRs have a high affinity for GCs and thus are activated by lower or basal levels of GCs, whereas GRs have a lower affinity for GCs and require higher levels of GCs for activation (de Kloet et al. 1998 ). Consequently, a correlation may exist between the stress response in the normal reactive scope and activation of MRs, whereas homeostatic overload stressors may be associated with activation of GRs.
Activation of MRs has been shown to be related to learning and to assessment of the environment. While navigating, an individual is constantly appraising the environment and matching the current environmental context to previous memories. If the environment is altered in such a way as to not match a previous representation, this stimulates an increase in circulating GCs within the normal reactive scope. Because MRs have a high affinity for GCs (de Kloet et al. 1998 ), they will be activated by factors such as a mismatch between current and memorized environmental contexts found when navigating novel environments, and this will fall within the normal reactive scope. Because activation of MRs correlates with learning, it may be unsurprising that activation also correlates with increased neurogenesis. This cascade of events allows GCs to be permissive in their effects on learning and memory within the normal reactive scope (Sapolsky et al. 2000) . Thus, stimuli within the normal reactive scope allow an individual to learn novel aspects of the environment by increasing the neural substrate to support new memories. Additional studies lend support to this, in that activation of MRs also enhances long-term potentiation and memory function (e.g., Pavlides et al. 1995; Kim and Diamond 2002) . In sum, MRs are thought to be important mediators in the appraisal of the environment, and the activation of MRs may underlie the increase in learning, memory, and neurogenesis seen in response to typical challenges, particularly those involved with environmental assessment (e.g., de Kloet et al. 2005) .
In contrast, because GRs have a lower affinity for GCs, they require higher circulating levels of GCs for activation (de Kloet et al. 1998) , levels that may push an individual into homeostatic overload. Activation of GRs has been shown to decrease neurogenesis and suppress long-term potentiation and memory function (e.g., de Quervain et al. 1998 ). Further, GRs may have a direct effect on neural precursor cells, in that 50% of newly produced cells express GRs while no detectable level of MR has been demonstrated in new neurons (e.g., Gould et al. 1992; Garcia et al. 2004 ). Recent studies have directly linked the effects of GR expression on new neurons. Fitzsimons et al. (2013) found that knockdown of GRs accelerates aspects of neurogenesis, such as differentiation and migration, and impairs behavioral responses to fear. Because of the possibility of a direct link between GRs and neurogenesis, GR activation may be one mechanism that suppresses hippocampal learning, memory, and neurogenesis when a stimulus pushes an individual into homeostatic overload. Interestingly, activation of GRs also has been shown to be involved in the consolidation of memories, an important component of long-term storage of memory (Oitzl et al. 2001) . McEwen (2007) unified these seemingly contradictory effects of GR activation (suppressing memory function yet increasing the consolidation of memory) by considering the time course of a challenge, learning, and GC release. Although the HPA axis is immediately activated during a stressful event, the release of GCs is relatively slow. Thus, the effects of GCs occur after the challenge has likely concluded. Because of this, McEwen (2007) proposed that a challenge is only beneficial to memory when the stimulus is experienced at the same time as the learning event. If the HPA axis is activated during a learning event, the release of GCs lags, thus GRs are activated after learning. Because of this, later information not related to the learning task is suppressed by GCs via the activation of GRs. This allows for greater consolidation of the learned task, as later extraneous information is suppressed by GCs via the activation of GRs. Similarly, if a stimulus is applied before the learning task, GC activation of GRs will occur at the time of learning, thus suppressing the ability to learn the task (Wolkowitz et al. 1990 , de Quervain et al. 1998 , Het et al. 2005 . In sum, the timing of the challenge, and thus release of GCs, is important in determining whether the activation of GRs will lead to memory consolidation or suppression of a learned task. Ultimately, the different properties of the two types of glucocorticoid receptors provide a mechanism for differential modulation of neurogenesis, contingent upon whether the challenge is within the normal reactive scope or in homeostatic overload.
Interestingly, reciprocal communication occurs between the hippocampus, which processes contextual information, and the amygdala, which processes the emotional salience of that context (e.g., Knapska et al. 2012) . Studies of neural anatomy and electrophysiology indicate a strong link between contextual memories and the emotional salience assigned to those memories (e.g., Richter-Levin and Akirav 2001; Redondo et al. 2014) . Thus, it is reasonable to assume a link between the stress response arising from an emotional tag (positive or negative) of a particular context and hippocampal functioning. A recent hypothesis by Dranovsky and Leonardo (2012) suggests that new neurons are produced that not only encode contextual memories in the hippocampus during learning, but that also facilitate the tagging of salience to that particular challenge context, the memories of which are stored in the amygdala.
A further intricacy in the link between the hippocampus and the amygdala concerns an individual's contextual experience and how experience can shape and change the emotional salience of, and reaction to, that particular context. Rendondo et al. (2014) demonstrated that an appetitive behavior associated with a contextual memory could, after training, be reversed to an aversive behavior within the same context. Further, they demonstrated that changes in the neural circuits connecting the hippocampus and amygdala correlate with changes in the valenceswitch of these memories (e.g., Redondo et al. 2014) . Because of the reciprocal link between the hippocampus and the amygdala, previous experiences within a particular context may alter neural circuits, thus altering an individual's emotional perception of an event as either positive or negative (McEwen 2007) .
If two individuals have different emotional tags to the same context due to previous experiences, the elicited stress response to that context may differ as well (McEwen 1998) . For example, if an individual had negative past experiences with taking tests, the test-taking context has now been linked with a negative emotional tag. As a result, subsequent encounters with taking tests may initiate a greater or prolonged stress response. Thus, test-taking will act as a psychological challenge that will be more likely to suppress the functional range of the normal reactive scope and push an individual into homeostatic overload more easily. This may be exemplified by compression of the inverted-U curve (Fig. 1a) , in which benefits of the challenge to neurogenesis occur in a very narrow range, and only at low levels of the stimulus. Any increase in the stimulus results in a decrease in neurogenesis and in ''memory performance'' (functional attributes such as accuracy or longevity of the memory). However, if an individual had previous positive experiences with test taking, future test taking may elicit a dampened stress response. As a result, subsequent encounters with taking tests may prolong initiation of the stress response, even as the challenge increases, indicating that, over time, the stimulus may not even be perceived as a stressor (e.g., Martinez et al. 1998) . Thus, the inverted-U curve may expand (Fig. 1b) , indicating that a stimulus resides within the normal reactive scope and thus has a greater positive effect on neurogenesis and subsequent memory performance (e.g., Lupien and McEwen 1997) .
A reciprocal relationship also exists between memory/emotional valence and neurogenesis. New neurons have been shown to be involved in pattern separation, a process in which very similar contexts are remembered as distinct. Individuals with ablated neurogenesis do not exhibit normal pattern separation and thus slight variation in a novel context is not remembered as distinct from a previously remembered similar context (e.g., Clelland et al. 2009 ). Accordingly, a negative stimuli may downregulate neurogenesis which, in turn, impairs the ability to distinguish between two very similar contexts. This may result in the memory of, and emotional salience linked to, a particular context being transferred to a second similar, yet distinct, context. The decreased ability to separate patterns allows for a novel context to be viewed as negative (i.e., an individual cannot distinguish the new context from the old context), despite having no previous experience in that particular context. Thus, decreased neurogenesis and impaired pattern separation may permit an individual who has had negative contextual experiences in the past to more easily transfer the negative emotional valence to a similar, yet novel, context.
The emotional valence of a particular context can be highly individualized and there are important factors that modulate the emotional perception of contextual experiences, most notably control and predictability (e.g., Weiss 1968; Maier and Watkins 2005; Salvador 2005; Koolhaas et al. 2011; Kubala et al. 2012) . If an individual perceives control over an event and the event is predictable over time, the perception of the event may be altered by creating a positive emotional valence, which may dampen the stress response to future encounters within the same context (e.g., Grissom and Bhatnagar 2009) . Alternatively, if an individual perceives little control or an event is unpredictable, memory of the event will be linked to a negative emotion and may induce a larger stress response in the future. For example, Fig. 1 The normal response of neurogenesis to stress/glucocorticoid levels is represented by the solid curve, in which low and high levels of stress/glucocorticoid levels are associated with lower levels of neurogenesis, whereas intermediate stress/glucocorticoid levels are associated with higher levels of neurogenesis. (A) Modulation of the rate of neurogenesis in a context with a negative valence. If an individual has a negative emotional tag to a particular context, the curve may compress (dashed line) and the benefit of the stress response on neurogenesis is constrained. (B) Modulation of the rate of neurogenesis in a context with a positive valence. If an individual has a positive emotional tag to a particular context, the curve may expand (dashed line) and the benefit of the stress response on neurogenesis increases, even when confronted by an increase in the stressor. rats can be trained to obtain food by pressing a lever. When the lever is predictable (delivers food) and controllable (the individual presses the lever), levels of GCs drop over time. However, if the lever suddenly does not provide food when pressed, levels of GCs remain elevated (de Boer et al. 1990 ). Also, unpredictable chronic stress down-regulates neurogenesis and cognition whereas a predictable chronic-stress paradigm can actually up-regulate neurogenesis and cognition (e.g., Parihar et al. 2011) . Control and perception of control of a challenge during development can also have long-lasting behavioral effects into adulthood. Rats that experience controllable challenges during adolescence are less likely to respond negatively to uncontrollable challenges in adulthood (e.g., Kubala et al. 2012 ). Bland et al. (2006) further found that uncontrollable challenges down-regulate the production of new neurons whereas controllable challenges do not. Taken together, these studies indicate that predictability and control of challenges, even during development, have important effects on subsequent stress responses and on neurogenesis. Thus, perception of control and predictability appear to modulate the emotional valence of a particular context, altering the stress response and neurogenesis toward that context.
In sum, a stress response that falls within the normal reactive scope of an individual can up-regulate neurogenesis and memory performance. However, a challenge that pushes an individual into homeostatic overload may cause a diversion of energy away from non-essential cognitive functioning, thus suppressing neurogenesis and decreasing memory performance. There is also a strong association, both anatomically and functionally, between contextual memories processed in the hippocampus and emotional memories stored in the amygdala. Because of this, the link between hippocampal neurogenesis, the stress response, and emotional reactivity is logical. Further, perception of a particular context, based on predictability and control, can modulate a future stress response to that context (Fig. 1A, B) . This may be reflected by differential rates of neurogenesis and memory performance contingent upon experience, perception, and the emotional salience of the context.
The stress response and the environment
Alterations to the environment may arise from varying sources, including conspecific and heterospecific interactions and acute or long-term biotic and abiotic alterations of the environment. An important characteristic of the environment to consider when relating environmental change to the stress response is predictability of that change. Predictability of challenges, including life-threatening environmental alterations, can affect the subsequent stress responses (see above section). Environmental change may be highly predictable and follow a circadian rhythm, such as that seen with the rising and setting of the sun (e.g., Wingfield 2008) . Once the sun rises, an animal awakens and is faced with a multitude of potential challenges (e.g., predation, locating food, locating mates). However, because the rising of the sun is highly predictable, an individual's stress response can adaptively respond and even become genetically fixed to track the environmental change. For example, the release of GCs follows a 24-hour circadian rhythm that matches the rising and setting of the sun. GCs increase just before sunrise and are lower during the night (Dibner et al. 2010) . Thus, GC release adaptively meets the demands of circadian changes in the environment.
Environmental change may also be acute or transient (e.g., Wingfield 2008; Wingfield et al. 2011) . Examples of these types of environmental challenges include attempts to mate, unsuccessful attempts at predation, surviving storms, and navigating a novel environment. The duration of these stimuli can be short and may even be predictable, thus activation of the HPA axis may be initiated but may also become blunted over time. Because these challenges are brief, they primarily reside within the normal reactive scope. If a challenge exceeds the normal reactive scope, it is typically for a short duration and does not have long-term, detrimental effects on the individual. In fact, mild environmental change can be adaptively beneficial for the stress response. In research with laboratory rodents, paradigms of environmental enrichment subject individuals to environmental alterations via a larger spatial area and exploration of a novel environment (e.g., van Praag et al. 2000) . In this situation, an animal's stress response is initially high when first introduced into the environment. Eventually, the individual acclimates to the enriched environment and subsequent interactions with the same challenge elicit a blunted, quicker stress response (Dobrakovova et al. 1993) . This change in the stress response over time is advantageous, in that it allows plasticity and acclimatization of the stress response to environmental conditions that may not be life threatening, when a large stress response is not necessary and may even be detrimental. Thus, transient or repeated mild challenges do stimulate the release of GCs but Environment, stress, and neurogenesistypically remain within the normal reactive scope and, over time, may even be beneficial.
Environmental change can also be intense, unpredictable, and long-lasting (or even permanent), such as that found with pollution, major flooding, and invasive species. Because environmental change is intense and/or long-lasting, individuals may not have the capacity or opportunity to acclimate and the stress response may be pushed into homeostatic overload (e.g., Wingfield 2008; Romero et al. 2009; Dickens and Romero 2013) . Over time, this may lead to dysfunction in other systems (e.g., immune, neural) if the HPA axis is activated for a prolonged period of time (e.g., McEwen 1998). Chronic, lifethreatening challenges have been hypothesized to be detrimental (e.g., McEwen and Wingfield 2003; Romero et al. 2009 ) but assessing a meaningful definition of chronic stress has been difficult (e.g., Dickens and Romero 2013) . Ultimately, it is still equivocal how severe environmental alterations might impact long-term responses to challenges.
Environmental change and neurogenesis
The vast majority of studies examining the relationship between environmental change and neurogenesis have been laboratory studies utilizing the environmental enrichment paradigm. Increasing the novelty of the environment, through increased spatial area and complexity, has repeatedly been shown to have a positive effect on neurogenesis. This has been attributed to increased environmental complexity and spatial area, creating increased demands on spatial learning and memory (van Praag et al. 2000) . As a result of environmental enrichment, production and survival of new neurons also increase (e.g., Kempermann et al. 1997) , and presumably support learning and memory of the altered environment.
An interesting aspect of an enriched environment is a running-wheel for voluntary physical exercise. Introducing a running wheel into standard laboratory housing can also up regulate neurogenesis (van Praag et al. 1999) , thus indicating that voluntary physical exercise alone is sufficient to modulate rates of neurogenesis. However, it was unclear why hippocampal neurogenesis could be affected by physical exercise. Subsequent studies elucidated that running increases proliferation of new neurons while environmental enrichment promotes survival of those neurons, indicating that running and environmental enrichment modulate different, but complimentary, aspects of neurogenesis (e.g., Kempermann et al. 1997; van Praag et al 1999) . Fabel et al. (2009) unified these two seemingly unrelated processes of proliferation and survival, suggesting that a consequence of physical activity is encountering and learning different parts of the environment. Their study found that running, followed by environmental enrichment, increased neurogenesis by 30% compared to either running or environmental enrichment alone. Thus, physical activity appears to be priming the hippocampus for encountering new cognitive stimuli by increasing proliferation rates. If an individual necessitates these new neurons because of increased learning in a novel environment, these neurons can then be incorporated into the existing neural network.
Although most of the work on the environment and neurogenesis has been performed in the laboratory, there are a few studies examining this relationship in wild animals. In fact, some of the first studies on neurogenesis concerned the production of new neurons in wild black-capped chickadees (Parus atricapillus). These birds are non-migratory and survival over the winter depends on retrieval of cached seeds. Storage and recovery of these caches necessities accurate spatial memory for the cache sites, thus blackcapped chickadees have very high demands on their spatial memory ability. Barnea and Nottebohm (1994) found that the production of new neurons coincides with environmental change in these birds. When seasonal changes occur, such as a decline in seed production in the winter, it promotes caching of seeds in the fall. Increased caching also correlates with a seasonal peak in the production of new neurons, suggesting that demands on memory due to seasonal environmental change promote the production of new neurons. In a subsequent study (LaDage et al. 2010) , birds were brought into the laboratory and allowed to either engage in caching and retrieval of food or were restricted from such; a third group was sacrificed directly from the field. Rates of neurogenesis were highest in the field group compared to either of the captive groups. However, in the birds from the laboratory, production of new neurons was greatest when birds were allowed to cache and retrieve their food. This confirmed that engaging in the use of spatial memory via natural caching/retrieval behavior was a contributing factor responsible for modulating hippocampal neurogenesis. Further, restricting an animal's environment via captivity had significant negative effects on neurogenesis when compared with wild individuals although, at this time, it is difficult to detangle which aspect of captivity contributes to this decline in neurogenesis. In captivity, restricting spatial area and complexity, decreasing demands on memory, and increasing unpredictable captive-based challenges all have the 378 potential to contribute to a decline in neurogenesis (e.g., van Praag et al. 2000) . Regardless, in this study, using spatial memory within the laboratory could not rescue the decline in neurogenesis seen between wild and captive birds. Thus, environmental change can have dramatic effects on neurogenesis, which is relevant for species that have been selected to be highly dependent on spatial memory ability; a decline in neurogenesis due to environmental change could result in a decline in memory ability and learning associated with survival.
The effects of environmental change and neurogenesis should also follow an inverted-U response (e.g., Fagan et al. 2013) . Homogeneous environments, such as in the laboratory, often are stagnant and lack spatial complexity. Because of this, a homogeneous environment does not place high demands on spatial memory. In fact, a hypothetically stagnant environment, over time, should promote a genetically-fixed response to that environment, as no new information needs to be learned. Similarly, in a completely stochastic spatial environment, learning and memory of the environment would have no function and thus may be maladaptive (e.g., Dunlap and Stephens 2012) . Consequently, learning and memory of the spatial environment should be favored at intermediate levels of environmental change, when environmental alterations are of a magnitude that encourage learning new aspects of the environment, yet do not change enough that learning would be futile in predicting future interactions with the environment. Similarly, neurogenesis should mirror this, and increase to meet the demands on memory associated with a changing environment.
Synthesis
Although this review considers the pair-wise relationships of environmental change, the stress response, and neurogenesis, these three factors are highly interrelated yet rarely studied concurrently. The few studies that have concurrently examined these factors are clinical studies examining the benefits of environmental enrichment on stress-related declines in cognition and neurogenesis. These studies have found that paradigms of chronic stress induce a decline in neurogenesis and cognition, which can be ameliorated in an enriched environment (Veena et al. 2009; Schloesser et al. 2010; Hutchinson et al. 2012) . Further, the beneficial effects of environmental enrichment are apparent despite whether enrichment is initiated during, or after, the challenge (e.g., Hutchinson et al. 2012 ). Interestingly, individuals who lack neurogenesis do not recover from depressive-like behaviors, even when housed in an enriched environment, indicating that neurogenesis is a permissive process that is necessary for recovery from a stress response (Schloesser et al. 2010; Lehmann et al. 2013) . Taken together, these studies exemplify the strong reciprocal relationships among the stress response, the environment, and neurogenesis. However, we still do not understand how changes in the environment induce changes in the stress response and neurogenesis, which may be more relevant for wild populations subjected to a changing environment.
Studying cognitive abilities in a changing environment necessitates an understanding of the relationship among, and the magnitude of, environmental change, the stress response, and neurogenesis. Under wild conditions, minor environmental change can create increased demands on spatial memory, leading to increased neurogenesis that supports learning. Acute environmental change also activates the HPA axis, and, contingent upon the severity of the environmental change, the stress response may actually be beneficial to neurogenesis. Mechanistically, low levels of GCs due to mild environmental change activate MRs, which stimulate neurogenesis and assist in the consolidation of memory. Thus, slight environmental change may actually be beneficial to neurogenesis and cognitive functioning.
Further, minor alterations to the environment may also aid in acclimating the stress response to current conditions, while concurrently stimulating learning, memory, and neurogenesis to cognitively cope with those conditions. Mild challenges due to environmental perturbations assist in creating emotional tags to contextual memories, which may allow for dampening or quickening of the stress response during future encounters with similar stressors. In this way, an individual may acclimate to current, predictable environmental perturbations via learning and memory, which allows for down-regulation of the stress response during subsequent encounters with those perturbations. Similarly, and not mutually exclusive, acclimation of the stress response to current conditions may also occur when environmental change becomes more predictable in terms of frequency, duration, and intensity. Increased predictability may psychologically normalize environmental change and thus dampen future stress responses. Additionally, perceived control over, and predictability of, environmental perturbations may also allow HPA acclimation (e.g., Koolhaas et al. 2011) , although even predictable challenges can become Environment, stress, and neurogenesisdetrimental when experienced over a longer time (e.g., Abbott et al. 1984) .
Stress resistance to environmental change may occur via three different mechanisms. First, the stress response may become more robust, in that environmental change may take longer to induce a stress response due to increased resistance of the HPA axis to that stressor (e.g., Fleshner et al. 2011; Wingfield 2013) . Second, the stress response may change in responsiveness, when physiological or behavioral acclimation occurs in response to a challenge (e.g., Parihar et al. 2011; Wingfield et al. 2011; Wingfield 2013) . For example, coping during an aversive event allows for subsequent behavioral resilience during potentially stressful tasks (e.g., Helmreich et al. 2012) . Also, decreased c-fos expression in some parts of the brain were found in male rats that had experienced repeated exposure to an intruder compared with males who only experienced one intrusion (Martinez et al. 1998) , suggesting that repeated exposure to a challenge can dampen physiological responsiveness in the brain as well. Finally, the stress response may become more resilient, in that it responds and recovers more quickly (Fleshner et al. 2011; Wingfield 2013) . Garcia et al. (2000) found that previous experiences with a challenge increased the speed at which the HPA response recovered, thereby demonstrating increased resilience to that particular stimulus. Thus, it is important to consider the time-course of the stress response, as well as the intensity of the stress response, when assessing HPA acclimation to environmental stressors (e.g., Koolhaas et al. 2011) . All three of these mechanisms would allow for some degree of acclimation to environmental challenges, but only if those challenges are perceived as predictable and/or controllable. All three mechanisms also assume some degree of plasticity of the stress response when coping with environmental change. Likely, there are costs associated with a plastic HPA response, and therefore plasticity will only be adaptive if there is some degree of environmental predictability (e.g., Agrawal 2001) .
In contrast, drastic, life-threatening, and long-term changes in the environment could arise from many different, typically anthropogenic, factors including deforestation, pollution, and invasive species. Drastic and life-threatening environmental changes such as these potentially induce a large stress response or activate the response for a prolonged period of time, which may lead to cognitive dysfunction, decreased neurogenesis, and decreased efficacy of the stress response. If an individual is pushed into homeostatic overload, energy may be diverted from non-essential cognitive functioning toward functions related to survival of the challenging stimulus. Homeostatic overload due to drastic environmental change may eventually have detrimental effects, in that the prolonged stress response may cause longterm physiological dysfunction. Mechanistically, high levels of GCs activate GRs, which in turn suppress neurogenesis and disrupt learning and memory. In this situation, individuals that are highly dependent on learning and memory must balance the expenditure of energy toward survival of the environmental challenge with cognitive functioning relating to survival. Because the alteration in the environment is relatively quick and/or extreme, acclimation to the new environment via the previous three mechanisms (Wingfield 2013) may not be achievable, potentially resulting in collapse of the population.
Ultimately, the effects of environmental change and the stress response on neurogenesis exhibit an inverted-U relationship. At extremely low and high levels of environmental change and the stress response, neurogenesis is suppressed, whereas at intermediate levels neurogenesis is up-regulated. Because neurogenesis is correlated with learning and memory, environmental change and the stress response also exhibit an inverted-U relationship with learning and memory. Although there is a strong correlation among all three variables and how they relate to the cognitive phenotype, they are rarely studied together and, when they are, it is primarily in a laboratory setting. Thus, we know very little about the relationship among these variables, specifically if these relationships are similarly reflected in wild populations. The dimensions of the relationship, and the relative contribution of each variable to the phenotype, are likely population-dependent, in that fine-tuning to local conditions likely occurs. Thus, a one-size-fits-all view of these variables within an ecological context likely does not exist. However, understanding how these variables are modulated, separately and in relation to each other, will provide the substrate for creating accurate, predictive models of the effects of environmental change on the stress response and cognitive functioning. Further, synthesizing research from clinical, ecological, and psychological realms will allow for a more complete picture of how these variables interact, harnessing the benefits of both a ''bottom-up'' and ''top-down'' approach.
